Retinal pigment epithelium (RPE) dysfunction and loss are a hallmark of non-neovascular age-related macular degeneration (NNAMD). Without the RPE, a majority of overlying photoreceptors ultimately degenerate, leading to severe, progressive vision loss. Clinical and histological studies suggest that RPE replacement strategies may delay disease progression or restore vision. A prospective, interventional, U.S. Food and Drug Administrationcleared, phase 1/2a study is being conducted to assess the safety and efficacy of a composite subretinal implant in subjects with advanced NNAMD. The composite implant, termed the California Project to Cure Blindness-Retinal Pigment Epithelium 1 (CPCB-RPE1), consists of a polarized monolayer of human embryonic stem cell-derived RPE (hESC-RPE) on an ultrathin, synthetic parylene substrate designed to mimic Bruch's membrane. We report an interim analysis of the phase 1 cohort consisting of five subjects. Four of five subjects enrolled in the study successfully received the composite implant. In all implanted subjects, optical coherence tomography imaging showed changes consistent with hESC-RPE and host photoreceptor integration. None of the implanted eyes showed progression of vision loss, one eye improved by 17 letters and two eyes demonstrated improved fixation. The concurrent structural and functional findings suggest that CPCB-RPE1 may improve visual function, at least in the short term, in some patients with severe vision loss from advanced NNAMD.
INTRODUCTION
Age-related macular degeneration (AMD) is a leading cause of severe visual impairment in the developed world, affecting 10 to 20% of adults older than 65 years (1) (2) (3) (4) . AMD is categorized into neovascular or non-neovascular forms (NVAMD and NNAMD, respectively), depending on whether choroidal neovascularization is present or absent. In NNAMD, vision loss is highly correlated with loss of retinal pigment epithelium (RPE) in geographic regions of the macula and is referred to as geographic atrophy (GA) (5) . The exact cause of GA is not clear, although several pathophysiological processes are implicated (6) . The Age-Related Eye Disease Study (AREDS), a major clinical trial sponsored by the National Eye Institute, demonstrated that antioxidant therapy can decrease the rate of progression of intermediate NNAMD, but there is no effective treatment for vision loss in advanced NNAMD with large areas of RPE loss (7) .
Human embryonic stem cell-derived RPE (hESC-RPE) represents an ideal source of tissue for treatment of retinal degenerations (8) and advanced NNAMD (4, 9) . Multiple protocols have been developed for the derivation of RPE from pluripotent stem cells (10) . Subretinal injection of hESC-RPE cell suspensions has been shown to partially restore the apparent RPE pigmentation pattern in subjects with NNAMD and Stargardt's disease (11) . However, these injections resulted in hyperpigmented material located at the margin or completely outside the region of RPE loss rather than reappearance of the normal RPE monolayer within the GA, therefore suggesting that hESC-RPE cell suspensions may not support structural and functional improvements in the area of GA (11) . Similarly, a recent study demonstrated the safe use of induced pluripotent stem cell-derived RPE grown as a confluent sheet, without a scaffold, in a single subject with NVAMD. This study did not demonstrate visual improvement and documented a clump of RPE cells aggregated in the region of atrophy rather than an even distribution in the atrophic region (12) . Nevertheless, these studies have demonstrated that stem cell-based therapies are safe and have potential for treatment of AMD.
In addition to RPE dysfunction, alteration of Bruch's membrane structure and function is likely an important factor in the development of GA (13, 14) . Bruch's membrane demonstrates pathologic changes with age that have been shown to affect RPE metabolism and attachment (15) . These changes can be partially reversed by reconstitution of the extracellular matrix composition of Bruch's membrane (16) . In com parative studies, we have demonstrated that hESC-RPE cultured on a synthetic parylene substrate survive longer than a suspension of hESC-RPE cells after subretinal injection in the nude rat (17) . Therefore, RPE replacement alone, without a supportive scaffold, is most likely insufficient for sustained structural and functional improvements in GA.
We have developed an approach for treatment of GA associated with NNAMD by surgically implanting a polarized monolayer of hESC-RPE on a nonbiodegradable, synthetic parylene substrate, henceforth termed the California Project to Cure Blindness-Retinal Pigment Epithelium 1 (CPCB-RPE1), into the area of GA. Parylene is the trade name for a variety of chemical vapor-deposited poly(p-xylylene) polymers and has the highest U.S. Pharmacopeia (USP) rating of Class VI (medical-grade safety). This synthetic substrate was designed to mimic the structural and functional properties of Bruch's membrane by providing a substrate for RPE adhesion in a polarized monolayer and a diffusion barrier similar to Bruch's membrane (18) . We have previously reported the safety, survival, and functionality of hESC-RPE monolayers cultured on this synthetic substrate in a rodent model of retinal degeneration (19) and the feasibility of subretinal implantation of hESC-RPE cultured on this synthetic substrate in minipigs (20, 21) . Here, we report the results of five subjects that were enrolled in a first-in-human phase 1/2a trial to assess the safety and efficacy of this composite subretinal implant for treating advanced NNAMD and severe vision loss. Our results support the safety, anatomic integration, and functional activity of this implant as a potential treatment for severe vision loss from NNAMD.
RESULTS

Baseline examination findings
Five subjects were enrolled in the study at the date of this analysis, and four subjects were successfully implanted with the composite implant, CPCB-RPE1, and custom insertion forceps (Fig. 1, A to C,  and fig. S1 ). Table 1 summarizes the characteristics of the subjects enrolled in the clinical trial and their visual outcomes.
Baseline fundus photographs and clinical examination confirmed that each subject had a large area of GA exhibiting decreased pigmentation and involving the fovea (two representative cases are shown in Fig. 2, A and B) . Baseline microperimetry sensitivity testing and multifocal electroretinography (mfERG) were not reliable for any meaningful analysis because of the subjects' poor baseline visual acuity and were discontinued for this cohort of subjects after initiation of the trial.
Postoperative clinical examination findings
The implant treated a large region of GA (two representative cases are shown in Fig. 2 , C to F). The overall appearance of the implant, including pigmentation, location, and size, did not change over the course of follow-up. This indicates that the implant was stable in location and was not prone to migration.
Postoperative visual acuity findings
Duration of follow-up after implantation ranged from 120 to 365 days (mean, 260 days). Visual acuity data available for all subjects at all time points as of the date of this report are reported in Fig. 3  (A and B) . Baseline visual acuity ranged from 3 to 32 (median, 21; mean, 17 ± 12) and 29 to 67 (median, 54; mean, 51 ± 54) Early Treatment of Diabetic Retinopathy Severity Score (ETDRS) letters in the study Fig. 1 . CPCB-RPE1 investigational implant. (A and B) Low-magnification (actual size 3.5 mm × 6.25 mm) (A) and high-magnification (B) color photographs of California Project to Cure Blindness-Retinal Pigment Epithelium 1 (CPCB-RPE1). Scale bar, 50 m. (C) Schematic of the synthetic parylene substrate for human embryonic stem cellderived RPE (hESC-RPE). The parylene membrane is 6 microns thick with submicrometer-thick circular regions and a smooth, nonporous anterior surface that promotes cell adherence and tightly spaced pattern of ultrathin circular regions that have molecular exclusion characteristics similar to Bruch's membrane to facilitate nutrient and growth factor diffusion. Arrows show the bidirectional diffusion. eye and fellow eye, respectively. Using a 15-letter ETDRS change as a benchmark for substantial visual change, four of the five study subjects showed no substantial change from baseline in the study eye (22) . Subject 128 improved by 17 letters at day 60, and this visual acuity improvement was maintained through day 120 (Table 1 and Fig. 3 , A and C). There was no significant change in the visual acuity in the contralateral, nonstudy (fellow) eye in any subject (Fig. 3B ).
In two of the five subjects, there was a 11-to 14-letter ETDRS decrease in the fellow eye over the same period (Fig. 3B) . Figure 3C summarizes preoperative and postoperative visual acuity for all subjects. In one subject (123), the CPCB-RPE1 was not successfully implanted because of the presence of intraoperative fibrinoid debris in the subretinal space, which prevented the successful delivery of the CPCB-RPE1. Therefore, the implant was not placed at the time of surgery. Subject 123 is included in this report as part of intent-to-treat analysis. Subsequent surgeries were modified to prevent accumulation of subretinal debris, and all other subjects had uneventful place ment of the CPCB-RPE1.
Postoperative OCT findings
Optical coherence tomography (OCT) images provide high-resolution, crosssectional images of retinal structure at tissue and cellular level (5, 11, 12, 20 (Fig. 4 , A to F). Similarly, there was no evidence of an ELM within the region of GA (Fig. 4 , C to F). In contrast, postoperative images of the same subject illustrate the placement of the CPCB-RPE1 in the area of GA (Fig. 4 , G and H). Postoperative OCT images also dem onstrated hyperreflective outer retinal bands anterior to the implant, which confirmed that the hESC-RPE of the implant was present and integrating with the overlying retinal tissue. Specifically, two hyperreflective bands (likely representing RPE and ELM) were observed in at least some regions overlying the CPCB-RPE1 (Fig. 4, I to L). These two hyperreflective bands were continuous with and isointense to the normal host RPE and ELM (Fig. 4, I to L). There was no evidence of an ELM band within the area of GA at baseline (representative images from subject 128 are shown in Fig. 4 , C to F). Similar postoperative findings were observed on at least two separate exam dates and in at least two or more focal retinal locations overlying the implant in two other subjects ( was possible over several visits using anatomic landmarks to compare images. In this assessment, the ELM associated with the CPCB-RPE1 was noted both in areas within and outside the GA overlying the implant [Figs. 4 (I to L) and 5 (E and F) and fig. S2 ], suggesting that these anatomic features represent the implanted hESC-RPE and reappearance of the ELM in regions within and around the GA overlying the implant.
Postoperative fixation testing
Fixation testing assesses a subject's ability to visually fixate on a specific location. Normal subjects fixate on an object using the fovea, but subjects with severe vision loss from AMD often demonstrate unstable fixation outside the fovea or no fixation at all (23) . Here, two of the five study subjects improved from unstable to stable fixation after implantation of CPCB-RPE1 (Table 1 ). This finding suggests that the presence of hESC-RPE monolayer of the implant supports visual function in the overlying and previously nonfunctional retina. Figure 6 illustrates representative fundus photographs ( Fig. 6A ) and fixation data for subject 303 (Fig. 6 , B and C). This subject had the best baseline visual acuity in the cohort and was able to complete preoperative and postoperative fixation testing with stable fixation. At 60 days after implantation, subject 303's implant covered the area of GA (Fig. 6D) , and fixation improved in several ways. First, the locus of fixation was directly over the implant and in the middle of the GA (Fig. 6E ). In contrast, preoperative fixation was at the edge of the GA (Fig. 6B) . Second, the distribution of fixation events detected by the microperimeter in the central 2° field improved from 62 to 100% for preoperative and postoperative conditions, respectively (Fig. 6, C and F) . The implant position and fixation improvements were maintained at day 120 after implantation visit (Fig. 6, G to I) .
A similar improvement was noted in subject 128 at day 60 and was maintained at day 120 ( fig. S3 ) and was concurrent with the 17-letter improvement in visual acuity in that subject (Table 1 ). Figure 7 summarizes the fixation data from preoperative and postoperative fixation trials for all implanted subjects. Although the sample size was not sufficiently powered to detect significant changes, there was a trend toward an increase in the mean percentage of fixation events (±SD) detected within a 2° (32 ± 42% baseline versus 65 ± 38% after the implant; twotailed t test, P = 0.10 and n = 4) and a 4° (51 ± 41% baseline versus 82 ± 29%; two-tailed t test, P = 0.07 and n = 4) retinal locus after CPCB-RPE1 implantation compared to baseline (preoperative) for the same eye. This trend became significant for both 2° and 4° retinal loci if it was assumed that the study eyes would only improve (one-tailed t test, P = 0.05 and P = 0.03, respectively). In contrast, there was no improvement in the mean percentage of fixation events (±SD) detected in either the 2° (47 ± 38% versus 45 ± 38%; P = 0.46 and n = 4) or 4° (76 ± 26% versus 76 ± 29%; P = 0.43 and n = 4) locus in the fellow (control) eye between baseline and follow-up examinations (Fig. 7) .
Adverse events
In all subjects, including the subject who did not receive the implant, there were no unanticipated severe adverse events related to the implant, surgical procedure, or immunosuppression. The nonimplanted subject is reported here as part of an intent-to-treat analysis. There was one event reported by the clinical investigator as an anticipated serious adverse event possibly related to the surgery involving a subretinal hemorrhage. This was reported during routine postoperative follow-up. The subject (303) reported no subjective changes in vision associated with the hemorrhage. During the last follow-up visit, this hemorrhage had substantially resolved, and the CPCB-RPE1 implant was unaffected (Fig. 5) . This subject received a single intravitreal injection of bevacizumab. Mild to moderate subretinal hemorrhages were reported as adverse events in all other cases both intraoperatively (movie S1) and postoperatively (Figs. 2 and 6 ). However, in all mild and moderate cases, the hemorrhages resolved without any intervention. There were no other ocular serious adverse events reported for any subject.
There were two unrelated systemic serious adverse events. Subject 123 was hospitalized and successfully treated for a preexisting condition (rectal prolapse) within 1 month after ocular surgery. This was deemed an unrelated serious adverse event. Subject 125 was hospitalized for 9 kilogram weight loss 6 months after surgery due to difficulty eating. The subject was appropriately treated and discharged with recovery of the lost weight. The cause of the weight loss is under investigation but not thought to be related to the implant or surgery. Overall, there were no systemic or ocular safety concerns for implantation of the CPCB-RPE1 in these first five subjects. 
DISCUSSION
We show results of the first five subjects enrolled in a first-in-human, phase 1/2a study of CPCB-RPE1 for the treatment of severe vision loss and GA associated with NNAMD. There was no evidence of safety concerns in any subject. Four subjects maintained vision, and it is notable that there was a 17-letter improvement in vision for subject 128 that was sustained over three visits. This improvement was also associated with improved fixation over the implant. In addition, fixation in the study eyes demonstrated significant improvement compared to the nonimplanted fellow eyes. Last, all implanted subjects demonstrated anatomic changes in the outer retina that were consistent with reappearance of the RPE and ELM overlying the implant. Overall, these concurrent anatomic and functional improvements provide evidence for the short-term safety of CPCB-RPE1 (at least up to day 120) and preliminary evidence of potential efficacy.
The subjects enrolled in this study are those that are most severely affected by GA and have the least potential for visual recovery. Therefore, it is encouraging that the subjects who received the CPCB-RPE1 implant demonstrated signs of improvement in visual func tion.
Because our sample size is small, we cannot determine whether this improvement is statistically or clinically significant. However, the 17-letter improvement in visual acuity for subject 128 is a reasonable and accepted standard for visually significant changes using standardized visual acuity testing (24) . In addition, this subject reported subjective improvements in vision that corroborate the objective test results. In contrast to the stable or improved vision in CPCB-RPE1 implanted eyes, visual acuity in the fellow eye was modestly worse in three of five of the subjects over the same period. Natural history studies of GA demonstrate that ~30% of eyes lose vision within 2 years and ~50% do so by 4 years (25) . The fellow eyes of the implanted subjects, albeit not perfect, can serve as controls and are a reasonable indicator of the natural course of the disease in the subjects. The contrast between the visual stability or improvement in CPCB-RPE1 implanted eyes and continued vision loss in nonimplanted fellow eyes further suggests that the CPCB-RPE1 implant might provide therapeutic effects. Note that the visual acuity in the worse eye of subjects with GA may improve if the betterseeing eye suddenly becomes worse. This is thought to occur due to a more effective use of the remaining functional retina (25) . Note also that the fellow eyes of our subjects are not perfect controls because they had better baseline vision (per protocol) and therefore may also be more prone to worsen rapidly.
It is intriguing to postulate about the potential causes for improvement in visual acuity and fixation in our subjects. It has been demonstrated that visual function in GA subjects is primarily derived from preferred retinal loci at the edge of the GA (23, 25) . Therefore, it is possible that any improvement in visual function in subjects with extremely low vision is a result of enhanced viability of the remaining photoreceptors directly overlying or adjacent to the CPCB-RPE1 implant. Histological studies of cadaver eyes have demonstrated that photoreceptor nuclei can persist within some regions of GA (26) . Therefore, it is possible that subretinally injected hESC-RPE suspensions may exert a trophic effect, resulting in functional benefit but without clear anatomic correlates of RPE-photoreceptor integra tion (27) . The improvement in visual fixation overlying the implant in our cases suggests that direct RPE-photoreceptor integration is supporting the improvement in visual function in these subjects. Return of central fixation has not been reported in advanced GA (25) . We hypothesize that "dormant" photoreceptors are present in the area of GA that was rehabilitated by the CPCB-RPE1 implant and enabled the formation of outer segments. Such dormant photoreceptors have been postulated by others in retinal degenerations (28) and demonstrated on histopathology (26) but are likely below the detection limits of OCT.
The anatomic evidence from OCT imaging supports the idea that direct RPE-photoreceptor integration is occurring in the region overlying the implant where visual fixation is restored. Specifically, our observation that two hyperreflective bands on OCT are associated with the implant in the outer retina suggests that the CPCB-RPE1 implant is integrating with or supporting the function of the overlying host retina in areas at the edge of the GA where there are viable photoreceptor inner and outer segments. This also supports the hypothesis that a similar process is occurring anywhere in the implanted region where viable dormant photoreceptors are present. We do not have histological data to confirm the identity of these bands definitively, but a reasonable interpretation of the available evidence suggests that at least one of these bands that has reappeared is a reconstituted ELM overlying the donor RPE in the CPCB-RPE1. A significant body of human histopathologic literature demonstrates that the ELM degenerates and is absent in the area of GA (29) (30) (31) . In addition, histopathologic data from animal models of retinal degenerations also demonstrate robust and dynamic ELM remodeling (32) . Last, OCT evidence of ELM reformation in macular hole surgery has been correlated with improved visual performance (33, 34) . Therefore, the reappearance of the ELM may be an important prognostic sign for future visual recovery after CPCB-RPE1 implantation.
There are several limitations to our report, including the fact that our study is not fully enrolled, the sample size is small, ethical considerations preclude a formal control group or histological evaluation of tissue, and the subjects represent relatively late stages of disease. Nevertheless, the data from the first five subjects in our study dem onstrate concurrent structural and functional changes that are suggestive of efficacy. Larger prospective studies are warranted and are being pursued. In addition, the lack of short-term safety concerns in these first five subjects reassures that the delivery method and CPCB-RPE1 implant might be a viable option for treating AMD in humans.
MATERIALS AND METHODS
Study design
A prospective, interventional, U.S. Food and Drug Administration (FDA)-cleared, phase 1/2a study is being conducted to assess the safety and potential efficacy of a composite subretinal implant in subjects with advanced NNAMD. The study was approved by the Institutional Review Board of the University of Southern California and the Western Institutional Review Board. An Investigational New (A) and (B) . Green lines indicate scans performed on this subject. The red brackets indicate the same region before implantation without ELM (C) and 120 days after implantation with ELM (D). This region was annotated using the OCT software tools that automatically coregister the OCT scan with the infrared fundus photograph above. (E and F) Higher magnification of OCT regions in dashed red boxes from (C) and (D). There is absence of the ELM (E) in the preoperative scan and reappearance of the ELM (F) in the postoperative scan in the same region. Blue arrows indicate the location of ELM band.
Drug (IND) application was cleared by the FDA for a prospective, single-arm, phase 1/2a study to recruit and enroll up to 20 subjects to assess the safety and potential efficacy of the investigational implant (CPCB-RPE1). The IND application also included a custom-designed and manufactured surgical insertion forceps for delivery of the CPCB-RPE1 into the subretinal space ( fig. S1) (21) . The substrate was engineered by one of us (M.S.H.) in collaboration with Y.-C. Tai at California Institute of Technology and is manufactured by Camtek LLC. The hESC-RPE cells are generated, banked, differentiated, and grown on the substrate under current good manufacturing practice (cGMP) conditions at City of Hope. The insertion forceps was designed by one of us (M.S.H.) and manufactured by Synergetics under cGMP. All surgeries were conducted at the Outpatient Surgery Center of the University of Southern California, Keck School of Medicine. Written informed consent was obtained from the patients, and the study was conducted in accordance with the tenets of the Declaration of Helsinki. A data monitoring and safety committee was assigned for the study to review all adverse events. The study was registered in the ClinicalTrials.gov database before enrollment was initiated (NCT02590692). The stopping rules for the study, as defined in the clinical protocol, were as follows: (i) development of an expanding mass; (ii) accelerated loss of visual acuity in the implanted eye; (iii) development of any serious adverse pathology associated with the delivery, immunosuppression, or use of the implant that warrants enucleation of the eye; and (iv) surgical delivery-related events involving the device, implant, and surgical procedure that leads to the failure of the implant delivery. Secondary and exploratory endpoints included efficacy as assessed by visual acuity and visual function measures including microperimetry (Nidek MP1S, Nidek Technologies) and mfERG (Veris, Electro-Diagnostic Imaging Inc.). A detailed clinical protocol is available in Appendix 1.
All subjects underwent baseline screening consisting of a comprehensive ophthalmic examination, a general physical examination, and diagnostic imaging. Key inclusion criteria for subjects included age ranging from 55 to 85 years and history of advanced NNAMD, GA, pseudophakia, and severe vision loss with best-corrected visual acuity of 20/200 or worse in the study eye. Study criteria mandated that the study eye be the worse-seeing eye. Subjects with history of any other vision-threatening disease, including NVAMD or health conditions that would prevent general anesthesia, were excluded from the study. Other key exclusion criteria include history of active malignancy within the previous 5 years, history of enrollment in another clinical trial within the previous 3 months, history of active or untreated infectious disease, or any history of immunosuppression or dysfunction. A detailed list of inclusion and exclusion criteria is available in the clinical protocol (Appendix 1) and ClinicalTrials. gov database (NCT02590692).
Visual acuity testing was performed using the ETDRS criteria and charts and reported as absolute letter score. Retinal anatomy was assessed using clinical examination, fundus photography, and OCT. Retinal function was assessed using microperimetry and mfERG. All subjects underwent implantation of a single CPCB-RPE1 on day 0. In all cases, the foveal region was targeted for treatment. Details of surgical methods and a representative surgical video are available as movie S1. Each enrolled subject received immunosuppression using tacrolimus (0.075 mg/kg per day; Astellas Pharma US Inc.) from days −8 to 60 to achieve a therapeutic trough range of 3 to 10 ng/ml. Tacrolimus dosing was tapered by successive 50% increments starting on day 42 until it was stopped on day 60.
The primary outcome measure for the study was safety, as assessed by frequency and severity of adverse events within 1 year of CPCB-RPE1 implantation that are related to the implant, the surgical procedure, or the immunosuppression. Postoperative evaluation of subjects and image interpretation was conducted by one or more independent vitreoretinal specialists unaffiliated with the University of Southern California over the course of the first year. Adverse events were determined using standard ophthalmological examinations to assess integrity of the eye and potential new pathologies. Secondary endpoints assessed potential improvements in visual acuity, visual function, and retinal anatomy.
Optical coherence tomography
OCT was performed using a commercially available Heidelberg Spectralis (Heidelberg Engineering Inc.) with image registration and eyetracking capabilities. All subjects underwent baseline and follow-up OCT raster scans in duplicate at postoperative visits. Because of the poor fixation ability of all subjects, automated image registration was not reliable. However, OCT images of the implant region were still available, with manually guided OCT images taken at each visit. The presence or absence of retinal features was assessed by the site principal investigator using the best-quality scan available and was confirmed by a second investigator. For all retinal features that were evaluated on OCT, the presence of the retinal feature (ELM or RPE) overlying the CPCB-RPE1 implant was assessed if the quality of the scan was sufficient to demonstrate the same or similar features in the normal adjacent retina.
Microperimetry fixation testing
Fixation was assessed using a microperimetry device (Nidek MP1S, Nidek Technologies) and was performed on each subject at least at one baseline visit and repeated on postoperative visits (days 60, 90, 120, 180, 270, and 365) in duplicate. Subjects were first asked to perform fixation testing using the largest fixation target available for 15 s. Fixation was graded as one of two possible outcomes, "Unstable" or "Stable," based on the number of fixation events that were detected within a 4° retinal locus. Unstable fixation was assigned to subjects with less than 75% of fixation events detected within a 4° retinal locus. Stable fixation was assigned to subjects with 75% or more of fixation events detected within a 4° locus. Sensitivity testing was attempted after the assessment of the fixation stability but in no case was sensitivity testing reliably performed in this cohort of subjects. In addition, fixation was also assessed to determine the change in the average percentage of fixation events within 4° and 2° loci between preoperative and postoperative testing reported with SD.
Investigational implant
CPCB-RPE1 is a composite implant that consists of a monolayer of hESC-RPE cells seeded and grown on an ultrathin parylene substrate (Fig. 1) . Each CPCB-RPE1 implant measures 3.5 mm × 6.25 mm with circular ultrathin areas of 0.3 to 0.4 m in thickness supported Fixation testing was performed in duplicate at each visit for each subject (n = 4 subjects). Statistical testing was performed using paired, Student's t test. Note that subject 123 did not receive the implant, as described in the main text, but is included as part of intent-to-treat analysis.
by thicker (6 m) parylene peripherally. The thickness and design of the parylene substrate were intended to mimic the diffusion properties of the native Bruch's membrane (Fig. 1C) (18) . In addition, the implant has a handle for grasping and loading into the custom insertion forceps device (Fig. 1A and fig. S1 ). About 100,000 mature, polarized, and pigmented hESC-RPE cells are present on each CPCB-RPE1 implant. Culture conditions for production of the implant have been described previously (19, 20) .
Investigational surgical insertion forceps
The custom insertion forceps were manufactured specifically for handling and delivery of the CPCB-RPE1 and have been described previously (21, 35) . The insertion forceps consist of a handle, a thumbwheel, and a shaft that houses a retractable forceps for grasping, folding, and loading the CPCB-RPE1 (fig. S1 ). The custom insertion forceps protect the CPCB-RPE1 from damage during the surgical delivery into the eye and facilitate delivery through small scleral and retinal incisions (~1 mm versus unfolded implant that would require ~4-mm incision). The insertion forceps are designed for single use and delivery (folding and unfolding) of the CPCB-RPE1 into the subretinal space, as illustrated in fig. S1 .
Surgical procedure
All surgeries were performed by A.H.K. and M.S.H. A representative surgical video is available in the Supplementary Materials (movie S1). General anesthesia was performed for all surgeries. Subjects were prepped and draped in the usual fashion for pars plana vitrectomy (PPV). Only one eye was prepped and implanted for each subject. Twenty-three-gauge PPV was performed in all cases using a Constellation (Alcon Inc.) vitrectomy system and standard cannula placement 3.5 mm posterior to the limbus. Intraocular visualization was achieved using the OPMI Lumera 700 surgical microscope with RESIGHT viewing system (Carl Zeiss Meditec Inc.). Chandelier illumination (Synergetics Inc.) was used to facilitate bimanual surgical procedures. To create a space for the CPCB-RPE1 implant, a subretinal pocket was created in the following fashion: A 41-gauge subretinal infusion cannula (MedOne Surgical Inc.) was used to elevate a bleb immediately outside the region of the GA. Then, a curved lambert subretinal infusion cannula (Accutome Inc.) was used to hydrodissect the retina overlying the region of GA-such that the whole region of GA was detached-and about one-disc-diameter perimeter outside the region of GA. The retinotomy was then enlarged to about 1 mm using a vertical scissor to accommodate the following insertion procedure. The CPCB-RPE1 was loaded into the investigational insertion forceps and inserted through an enlarged sclerotomy (20 gauge) into the eye. The tip of the insertion forceps was placed into the retinotomy, and the CPCB-RPE1 was slowly delivered into the subretinal space. A subretinal pick was used to reposition the CPCB-RPE1 implant, if necessary. Perfluorocarbon heavy liquid (PFC; Alcon Inc.) was then used to flatten the retina overlying the implant. The retinotomy was sealed with light application of laser retinopexy. An air-fluid exchange was performed, and PFC was completely removed. The eye was then instilled with either expansile gas or silicone oil. The eye was patched and shielded in the usual fashion, and the patient was seen on a regular postoperative schedule for evaluation.
Statistical analysis
The sample size in this study was not designed for statistical power because this was primarily a safety study. Summary data of the first five subjects were used for assessments of adverse events, visual acuity, and visual fixation. Statistical testing of available data was performed in Excel (Microsoft Inc.) using paired, Student's t test. P ≤ 0.05 was considered significant.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/435/eaao4097/DC1 Fig. S1 . Illustration of surgical insertion forceps used for the implant. Fig. S2 . Preoperative and postoperative OCT images in subject 303. Fig. S3 . Preoperative and postoperative fundus photographs and fixation testing in subject 128. Movie S1. Representative surgical video of CPCB-RPE1 implantation in subject 303. Appendix 1. Clinical study protocol.
